The technology of neutron transmutation doping of silicon wafers in MARIA nuclear research reactor is described. The studies of the radiation defects performed with positron annihilation confirmed that divacancies dominate in the irradiated material. Thermal treatment of irradiated silicon at 700−1000
Introduction
Due to the complexity of solar grade multicrystalline silicon its physical properties are interesting field of research of modern materials engineering [1] . During crystallization process, contaminations aggregate in liquid phase of silicon and precipitate at the borders of grains. Therefore, their presence determines the quality of multicrystalline material. They host the centers of recombination that decrease minority carrier's lifetime [2, 3] . One of the main problems during silicon crystallization is spatial homogeneity of the dopant distribution, which decides on the type of electrical conductivity and value of specific resistivity of material. Useful level of the dopant concentration in silicon ranges from 10 15 to 10 16 cm −3 [4] . The differences in specific resistivity in the sample reach several percent, after traditional doping in silicon crystallization process. Metallic contaminations, "lifetime killers" of minority carriers, are in solar grade silicon at the level of 10 11 −10 13 cm −3 . Since the resistivity of silicon for solar cell should be 0.5-10 Ω cm, the concentration of the dopant atoms must be at 10 15 to 10 16 cm −3 . Gettering the parasitic contaminations and passivation of recombination centers requires additional thermal processes. However, intensive thermal processes of multicrystalline silicon decrease the mobility of minority carriers and reduce their lifetime.
Basic nuclear reaction employed in the neutron transmutation doping (NTD) of silicon consists in transformation of silicon nuclei to phosphorus ones after capture of thermal neutron The reaction is used mainly in production of semiconductor power circuits and γ-ray detectors. The non-uniform spatial distribution of dopant in irradiated sample of Si is due to the self-shielding effect and is not a problem even for large crystals.
During irradiation the crystal defects are produced in transmutation of silicon. Defects can be removed by thermal annealing processes in the solar cells manufacturing. It is expected that the basic merits of NTD, i.e. spatial homogeneity and small phosphorus concentration between borders of grains in basic material, will improve solar cells parameters.
In Sect. 2 we give a short description of the implementation of NTD technique in MARIA reactor. The samples are described in Sect. 3. The results of positron annihilation studies of the defects introduced by radiation are presented in Sect. 4.1. The distribution of resisitivity across samples is presented in Sect. 4.2.
NTD procedure
In order to obtain appropriate concentration of phosphorus in reasonable time, the high thermal neutron flux density is needed. The resistivity below 1 Ω cm can be reached in 100 h with the thermal neutron flux density of 10 14 cm −2 s −1 . This flux density is met in the core of the nuclear research reactor MARIA in the vicinity of fuel elements, at first row of the beryllium reflector. The necessary irradiation conditions are provided in Ø60 irradiation channel in beryllium block denoted as J-IX in the reactor core matrix.
Before irradiations the thermal neutron flux density and epithermal index were determined. As activation detectors foils of alloys of gold with aluminum and cobalt were used. The determined total neutron flux density was 1.0 × 10 14 cm −2 s −1 ± 4.8%, and epithermal index was 0.05 ± 0.02. The determined epithermal index indicates that there is appreciable fraction of the fast neutrons in the total neutron flux present. One should expect that the fast neutrons might generate high density of radiation defects within the bulk of the irradiated material.
Distribution of thermal neutron flux density along the axis of the irradiation channel was determined by the copper wire activation method. The distribution exhibits marked maximum at 660 mm depth from upper edge of beryllium block. In the 100 mm region containing that maximum the neutron flux density is almost constant within 2%. The size of the region matches the sample height. The self--shielding effect of silicon estimated from distribution of neutron flux density in the neutron reflector region yields for 2 inch diameter samples the 5 to 8% radial differences in doping. In order to decrease this effect, the samples should be rotated around vertical axis during the irradiation.
Samples
Silicon wafers cut from floating-zone method produced single-crystalline and multicrystalline materials of 500-800 Ω cm resistivity were used. The wafers were of 2 inch diameter and 0.5 mm thick disks. Two series differing in irradiation time were carried out. The thermal neutron dose for the irradiated samples was determined with special activation detectors (foil AlCo) placed between samples. The expected resistivity after irradiation of the silicon was estimated from the determined neutron dose by standard procedure [5] .
For the first set of samples, irradiated for 100 h, the values of thermal neutron dose and expected resistivity were and the error of measurement was 2.5%. The silicon samples were "cooled" during the week after irradiation. Only slim contaminations from the second circulation of reactor cooling water were noticed, i.e.
46 Sc, 51 Cr, 103 Ru, and 141 Ce. After standard cleaning the samples in special acid bath (mixture of citrates and citric acid) and ultrasonic cleaning in water bath, most of contaminations (more than 95%) were removed.
Results
The radiation defects introduced into the samples by the nuclear radiation were studied with the positron annihilation. The main part of studies dealt with the single-crystalline samples, because it is not reasonable to compare the defects in different samples of the multicrystalline silicon. The single-crystalline samples provide appropriate uniformity of initial material needed for comparison of the radiation defects. It is assumed that the radiation defect density is the same in single-and multicrystalline samples. For comparison the not irradiated silicon samples with resistivity about 1 kΩ cm (undoped) and 5 Ω cm (doped during crystallization) and irradiated samples were investigated.
4.1. Radiation deffects Positron lifetime measurements were made at room temperature with the conventional fast-fast spectrometer of the time resolution of 270 ps for Co-60. The positron source of activity about 740 kBq, covered by 5 µm Ni foil, was placed between two pieces of the investigated sample. 10 to 20 lifetime spectra were recorded for each sample. Then the spectra were added using the special procedure which accounted for the drift of the zero channel. With this procedure the very high counts (30-60 × 10 6 ) were achieved. The experimental data were analyzed with the LT-9 program [6] that unlike other codes used in the field, is suitable for fitting not only a single spectrum but also enables simultaneous fits to series of spectra. The simultaneous fitting of many spectra reduces the number of the free parameters if some of them are common for all analyzed spectra.
In our case the series composed of nine spectra each were collected for samples after different annealing procedures. The results were analyzed within the three-state trapping model [7, 8] . The model takes into account the processes of positron annihilation in the bulk material and at the two types of defects. Within the model the positron lifetime spectrum S(t) consists of three components
Parameters λ 0 = 1/τ b + µ 1 c 1 + µ 2 c 2 and λ j = 1/τ j (j = 1, 2) denote the positron annihilation rates at bulk and different types of defects ( Fig. 1) , whereas I j are intensities given by
We assumed that the structure of the bulk material and the two types of defects does not change during different annealing procedures. Therefore, the positron lifetimes τ b , τ 1 , and τ 2 do not change with the temperature and duration of annealing. The τ b , τ 1 , and τ 2 were determined from fitting the formula (1) to all the spectra of investigated samples. Because annealing changes the defects' concentrations, the fit parameters µ 1 c 1 and µ 2 c 2 were assumed to be different for each sample.
It turned out that in order to obtain a good fit to the data, a long-lived component (about 2 ns) with the intensity lower than 1% had to be incorporated into the description of each spectrum. Moreover, a source correction (4.5% of 105 ps and 0.5% of 320 ps) was made. The determined values of τ b , τ 1 , τ 2 and the long lifetime τ 3 obtained from the fitting are shown in Table I . The τ b is lower by about 25 ps from the most frequently observed value of 218-220 ps for pure silicon [8] [9] [10] [11] . Nevertheless, it is in the range of theoretical values (186 and 221 ps) predicted by different theoretical approaches [8] . The lifetime spectra of samples annealed for 30 min at 500 • C and 600
• C contain, in addition to a short-lived component originating from the positron annihilation in bulk, an additional one with the lifetime (τ 1 ) of 295 ps. Its relative intensity is 68% and 47% for 500 and 600
• C, respectively. Since the lifetime pa-rameter of this component is exactly the same as the one obtained for neutral divacancies in silicon at 300 K [12, 13] and the reported values of the positron lifetime for those divacancies in Si are contained in the range of 295-330 ps [8] [9] [10] [11] [12] [13] , it is evident that the component is due to the positron annihilation at neutral divacancies (V 0 2 ). For the samples annealed at 700
• C intensity of the component associated with V 0 2 decreases to 4.6% and 3.7% after 10 and 30 min of annealing, respectively. Additionally, in the lifetime spectra of these samples a new component of lifetime τ 2 = 266 ps was found. We should mention that a component of similar lifetime of about 250 ps was found in NTD silicon samples [9, 11] and was ascribed to positron annihilation at E-type defects. The E-type defect is a complex (V-P) of a monovacancy and an atom of phosphorus. The theoretically calculated value of the positron lifetime in this type of defect is 270 ps [14] that is very close to our experimental result. Because the trapping rate into divacancies below tm = 700
• C is much higher than that above this temperature, the graph is divided in two different scales.
For samples annealed at 800
• C and 900
• C the contribution of V 0 2 component disappears and the component due to annihilation at V-P complexes stabilizes at 17%, for any annealing time studied. For samples annealed at 1000
• C part of E-type defects is removed yielding the decrease in the corresponding spectrum component to 14.5%.
The global changes in the positron lifetime spectrum are revealed in the behavior of the mean positron lifetime τ m that is determined with high precision independently of the model used. We found that for our samples τ m decreases drastically for annealing temperatures t m > 500
• C (Fig. 2a) . The decrease can be easily explained as annealing of V 2 defects. Since the asymptotic value of τ m is higher than τ b , another type of defects should be present in samples annealed above 600
• C. The evolution of the defect concentration in the investigated samples is described by the changes of the positron trapping rates µ 1 c 1 and µ 2 c 2 into V 0 2 and V-P complexes, respectively (Fig. 2b) . The concentration of V 2 decreases sharply if the annealing temperature t m exceeds 500
• C. The V 0 2 defects practically disappear for t m > 700
• C. On the other hand, the V-P complexes are not observed for t m below 600
• C. They start to form in samples annealed at t m > 600 • C. Their concentration increases when the annealing temperature is increased up to t m ≈ 900
• C and above this temperature it decreases gradually. On the basis of the determined positron trapping rates the concentrations of discussed defects were estimated (Table II) [15] ) and (V-P) The contribution of the longest-lived component (with lifetime τ 3 = 1.52 ns) in the annihilation spectra for samples annealed at 500
• C and 600
• C is equal to 0.78%. This component decreases to 0.41% for the samples annealed in 700
• C and 1000
• C with simultaneous increase in τ 3 to 2.25 ns. Similar long-lived components were observed previously [11] . We suppose that such components arise from positronium annihilation in small voids created by the aggregations of vacancies. It is possible to relate the lifetime of positronium with the size of the void positronium annihilates in using an empirical formula given in [17] . According to that τ 3 = 1.52 ns corresponds to the void radius 0.24 nm, and τ 3 = 0.25 ns corresponds to the void radius 0.31 nm.
We conclude that annealing of silicon at 700-1000
• C leads to generation of V-P complexes and probably to clustering of void-type defects into big size vacancies aggregations mainly at the expense of the population of divacancies, which are dominant type of defects in non-annealed samples of neutron irradiated silicon.
Resistivity
The resistivity measurements were performed on the irradiated samples annealed at 500-1000
• C for 10-30 min in rapid thermal annealing furnace. Resistivity was measured by four-needle probe. The resistivity of the annealed material strongly depends on temperature and duration of the process (Fig. 3) . We found that the best conditions for radiation damage annealing was 800
• C and 20 min. The resistivity of the annealed NTD samples were ≈ 1 Ω cm for the samples produced in the 100 h irradiation run and ≈ 3 Ω cm for the samples irradiated for 42 h. It is evident that the determined resistivities matched the values estimated in Sect. 3 on the basis of the neutron dose [5] . The uniformity of the resistivity distribution in sample annealed at 800
• C for 20 min was studied with the bulk photovoltaic effect (BPV) produced by the gradients of resistivity [18] . For comparison, the sample doped during crystallization was studied. The measurements were performed on the 50 mm diameter samples of ≈ 3 Ω cm resistivity. The light probe was of 0.2 mm diameter. The amplitude of the fluctuations in the profiles of the BPV voltage are for NTD samples half of those observed in the samples doped during crystallization (Fig. 4) . The resistivity variations across sample calculated on the basis of the BPV data for the NTD sample are confined within 2.5% error band (Fig. 5) . 
Minority lifetime carrier
Preliminary measurements of the minority carriers' lifetime have been performed with photoconductivity decay technique for the samples studied. The measurements revealed substantial decrease in minority carrier lifetime to ≈ 1 µs in the NTD samples. It attains only approximately 1% of the minority carrier lifetime value obtained for the material before irradiation. This effect is attributed to high density of radiation defects [19, 20] . It is the main problem in application of neutron doped material in solar cell devices. We hope that the effect can be reduced with application of softer neutrons, i.e. neutrons of lower epithermal index, in irradiation. This can be accomplished by performing irradiation outside the reactor core in the reflector region.
Conclusions
Our resistivity studies proved that the nuclear transmutation doping technique provides good uniformity of the irradiated samples. It was confirmed that divacancies are dominant type of defects in the neutron irradiated silicon. Annealing of the samples at 700-1000
• C produces V-P complexes generation and void-type defects clustering into big size vacancies aggregations. Since the strong reduction of minority carriers' lifetime is the main problem of the application of NTD material in solar cells, the effect should be studied for different irradiation conditions.
